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ABSTRACT 
The performance of a long AC transmission 
system can be improved by the application of 
series compensation technique. The amount of 
capacitive compensation is highly restricted due 
to sub synchronous resonance problem. Due to 
some limitations of this technique another new 
concept is emerging which is known as 
simultaneous AC-DC power transmission 
system. Simultaneous AC-DC system is a kind of 
system where DC power is mixed with AC 
power and transferred through the AC 
transmission line. Both the techniques have the 
capability to improve the loadability and 
stability of existing AC transmission line. This 
paper presents a rigorous comparative analysis 
between these two techniques in stability point 
of view. In doing so, some power systems are 
considered and numerical results are compared 
through the application of both the techniques. 
What would be the relationship of the line 
parameters like thermal limit, line voltage and 
line length with the performance, in terms 
stability improvement of the techniques are 
critically analyzed. 
 
Keywords-- Capacitive reactance, Series 
compensated AC system, Simultaneous AC-DC 
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INTRODUCTION 
 
The load carrying capability of a long 
transmission line is limited by three factors such as 
thermal limit, voltage drop limit and steady state 
stability limit [1]. These limiting factors have also 
the strong dependency on the length of a 
transmission line. The thermal limit is applicable 
for 50 miles of transmission line, voltage drop limit 
is applicable 200 miles of transmission line and 
steady-state stability limit is applicable for above 
200 miles of transmission line [2]. The power 
system researcher are facing challenges in 
improving the performance of long transmission 
line. 
Line compensation mainly brings some 
changes in electrical properties of transmission 
system for increasing the loadability and stability. 
In series compensation the main objective is to 
decrease the reactance of the line in other word 
reduces the electrical length of the transmission 
line. This provides improved system stability and 
upgraded power transfer capacity in the line along 
with reduced power transmission angle. The 
application of thyristor controlled series 
compensator (TCSC) with a view to enhance the 
transient stability of Montana (USA) power system 
is presented in [3]. A robust control law is also 
proposed along with the operating and restraint 
characteristics of TCSC in this paper. A new type 
of controller for thyristor Switched Series 
Capacitor (TSSC) is presented by N. Johansson, et 
al. for improving the transient stability and to 
stabilize the power system by damping the inter-
area power oscillation [4]. A comprehensive 
comparison of performance in terms of stability 
improvement between series and shunt 
compensations is presented in [5]. In this case 
Static Synchronous Series Compensator (SSSC) 
and Static Synchronous Compensator (STATCOM) 
are considered for series and shunt compensation, 
respectively. 
Power system stability can also be 
improved through Simultaneous AC-DC power 
transmission system [6]. Considering transient fault 
at different location of transmission line this paper 
presented some numerical simulations. A 
comparative analysis between simultaneous AC-
DC system and pure AC system with series 
compensation is also addressed [6]. 
In case of transient fault simultaneous AC-
DC system shows higher magnitude of speed 
deviation and reduction of deviation rate is faster 
compared to pure AC analysis. On the contrary, in 
pure HVAC system real power oscillation and its 
duration and also overshoot is longer. 
A methodology is proposed by K.P. Basu 
for improving the stability of simultaneous AC-DC 
system [7]. In proposed methodology AC-DC 
system is treated as pure DC system after clearing 
the fault until it returns into the normal state. It 
needs special control mechanism for circuit breaker 
operation.  
Some numerical analyses are carried out 
to investigate the improvement of the transient 
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stability, dynamic stability and damp out oscillation 
in conversion of AC system into simultaneous AC-
DC system using MATLAB Simulink [8-9].  
A mathematical model is presented for the 
stability analysis of simultaneous AC-DC system 
[10]. The salient feature of the model is that it 
evades the trial and error approach for the stability 
analysis by introducing a solution technique of an 
integral component of the model. Moreover, it 
gives the expression of critical clearing time of 
simultaneous AC-DC system with respect the 
expression of pure AC system.  
No work has yet been found in the 
literature showing the detail comparison between 
series compensated AC system and simultaneous 
AC-DC system in stability point of view. This 
paper presents a rigorous comparative analysis on 
the basis of stability between compensated AC 
system and simultaneous AC-DC system. 
 
AC SYSTEM WITH COMPENSATION 
 
A simple AC transmission system is 
presented in Fig. 1 where a generating unit 
evacuates power to an infinite bus through a long 
transmission line. 
 
 
The expression of power flow and current are given 
below: 
     
     
 
                                                                              
      
          
  
                                                           
X  = Xte+XTr                                                        (3)    
Where,   
Pl = Steady state power flow through the line  
Eg = Internal generated voltage of the generator  
Er = Receiving end voltage  
Il = Current through the AC line  
δ = Torque angle of the generator  
Xte = Reactance that includes the reactance of 
generator and transformer  
 XTr = Reactance of the transmission line  
If series capacitive compensation is used in the 
transmission line the line reactance will be reduced. 
If the capacitive reactance is XC then the total 
reactance of the transmission system is as follows; 
X = Xte +(XTr - XC)                                               (4) 
The equations of stability analysis are presented 
below; 
            
  [               ]                          
     √
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Figure 1: AC Power system. 
 
The power flow curve can be shown as below: 
 
Figure 2: Power flow curve. 
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In Fig. 2 X1 is the original reactance of the 
transmission system and P1 is the original power flow 
curve, shown in dotted line of the system. Considering 
a certain percentage of series compensation the new 
reactance is X2 and power flow curve is P2 shown in 
solid line. It is seen that for the same amount of power 
flow the compensated line has the transmission 
angle    and the uncompensated line has the angle  . 
In this case       , it means that compensated line 
has the higher stability margin than uncompensated 
line. From equations 5 and 6 it can be said that the 
lower the power flow angle the higher the value of     
and hence the larger the value      respectively. 
SIMULTANEOUS AC-DC SYSTEM 
 
When DC is injected into AC and transmitted 
at the same time through the same transmission line 
then the system is called simultaneous AC-DC system. 
If the AC and DC voltage mixture is applied then the 
peak value of phase voltage of original AC system can 
be maintained as the alternating electric field can be 
maintained in this system.  The schematic diagram of 
simultaneous AC-DC system is presented in Figure 3. 
 
G
CB
CB
CB
CB
CB
Infinite
 bus
Rectifier
Transmission Line
Generator
bus
Inverter
 
Figure 3: Single line diagram of simultaneous AC-DC system. 
 
According to Fig. 3, a generating unit is 
evacuating power to an infinite bus through a long 
transmission line. Some amount of power is 
picking up from the generator bus which is 
converted into DC form and being fed into existing 
AC system through the neutral point of a zigzag 
transformer. The DC portion of power is taken 
away from the neutral point of other zigzag 
transformer at the receiving end. This DC power is 
again converted into AC before sending it to the 
infinite bus. In this case two zigzag transformers 
are essential; one at the sending end and other one 
at the receiving end. The main purpose of zigzag 
connected winding is to avoid magnetic saturation 
of transformer core due to DC current. Two fluxes 
produced by the DC current flowing through each 
of the windings in each limb of the core of a zigzag 
transformer are equal in magnitude and opposite in 
direction which is shown in Fig.4. Therefore, the 
net DC flux in each limb at any instant of time is 
zero. 
 In converting existing AC transmission 
line into simultaneous AC-DC system three things 
such as insulator, creepage distance and clearing 
distance must be taken into account. 
If the line infrastructures remain the same 
the peak value of the phase voltage of AC-DC 
composite system must not exceed the peak value 
of pure AC system voltage since the insulators 
have been designed on the basis of peak value of 
phase voltage. Moreover, the electric field 
produced by the combined voltage would be such 
that the instantaneous electric field polarity 
changes its sign twice in a cycle. The stresses due 
to alternating electric field on the insulator surface 
are quite different from those with the 
unidirectional field. 
 
 
Figure 4: Zigzag transformer connection. 
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According to Fig. 3 the power flow in the AC-DC 
combined system is.  
                                                            (7)                                                      
    
     
   
                                                      (8)   
                                                                 (9) 
Where, 
       AC-DC combined power flow 
    =AC power flow 
    =DC power flow 
   =Sending end line voltage in AC-DC system 
   = Receiving end line voltage in AC-DC system 
    = Line Reactance 
    = DC voltage 
    = DC current through the line 
    = Transmission angle 
If the line is loaded up to the thermal limit the 
combined current of AC and DC power flow can be 
expressed as  
    √        
                                                  (10) 
Where, 
     Thermal limit of the conductor 
    = AC current flows through the conductor 
The AC current flow can be found as 
    =
              
     
                                            (11) 
Where    and    are the sending end and 
receiving end phase voltages respectively. 
 
COMPARISON OF STABILITY 
 
In this section stability comparison is 
shown between series compensated pure AC 
system and simultaneous AC-DC system. Three 
different power systems are considered in 
comparative analyses which are presented below. 
 
System 1: American Grid 
 
The Montana 500 kV transmission system 
is shown through a single line diagram in Fig. 5 
[11]. The East (Colstrip) is generating power and 
transferring to west (Taft) through a long 
transmission line. The Eastern generation system 
has the generation capacity of 2272 MW with four 
coal-fired thermal units. Units’ #1 and #2 each has 
the capacity of 358 MW and Units #3 and #4 each 
has the capacity of 778 MW. 
 
 
Figure 5: Montana 500kV transmission system. 
 
From Colstrip to Taft only 500 kV double circuit 
transmission line is considered, disregarding the 
other sector of the power system, for the 
application of the proposed model. The 2272 MW 
capacity of Colstrip is considered as a generator 
and Taft is considered as infinite bus. The details of 
the operating conditions and parameters are 
considered from Appendix D of [10]. 
In case of fault analysis for pure AC 
system without compensation a 3-phase to ground 
fault is considered at the load terminal. In this case 
pre-fault steady state loading is considered as 
1028MW.  The simulation results show that the 
critical clearing time (CCT) obtained from the pure 
AC system is 174ms. Now, simulation is performed 
for the stability with same fault and steady state 
loading considering 10% increasing step of 
compensation which is shown in Table 1. It is seen 
that for the application of 49.5% compensation the 
critical clearing time is increased by 100ms. 
The AC system is converted into 
simultaneous AC-DC system and simulation is 
performed considering 10% increasing step of DC 
voltage mix. The results show that the stability is 
increased by 201ms for 49.5% of DC voltage mix.
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Table 1: Comparison of stability in case of system 1. 
Pure AC Simultaneous AC-DC 
% of compensation Tcr(ms) % of Vdc Tcr (ms) 
10 196 10 271 
20 216 20 319 
30 236 30 345 
40 256 40 363 
49.5 274 49.5 375 
 
 
Figure 6: Performance comparison in case of system 1. 
 
The overall performance comparison is 
shown in Fig. 6. It reveals that the stability 
improvement in simultaneous AC-DC system is 
much higher than that of pure AC system. That is, 
the stability improves from 55% to 115% for the 
variation of DC voltage mix from 10% to 49.5%. 
On the contrary, in pure AC system stability 
improves from 12% to 57% for the variation of 
compensation from 10% to 49.5%. 
 
System2: Considered model 
 
A typical single circuit transmission 
system is considered in this section which is 
presented in Fig.7. It has a long transmission line 
with a generation capacity of 1100MVA. The 
length of the line is 400kms and the voltage of the 
line is 345kV. Basically this transmission system is 
evacuating power from 132kV generator bus to a 
distant infinite bus of 132kV. The detail description 
of the system is presented below. 
Generator: 1100MVA, 24kV, 60Hz, 
H=7s, the parameters on its own base – Xd =1.305, 
Xd =0.3 , Xd˝=0.3, Xq =0.474, Xq˝=0.243, X 
=0.18 , Stator resistance Rs=0.00285 , Td´ =1.01s, 
Td˝ =0.053s , Tqo˝ =0.1s. 
Transmission Line: Single circuit, Three 
phase, 60Hz, 400km, 345kV, ACSR twin bundle 
conductor, Thermal limit  = 1.8kA, impedance- 
0.01755 +j0.3292 Ω/km/phase. 
Generator Transformer: 1100MVA, 
24/132 kV, 60Hz, 10% reactance. 
Sending end Transformers: Pure AC: 
Δ-Y, 1100MVA, 132/345kV, 60Hz, 16% reactance. 
AC-DC: Δ-Z, 500MVA, 132/172.5kV, 
60Hz, 16% reactance. 
 
Receiving End Transformers 
 
Pure AC: Y -Δ 1100MVA, 345/132kV, 
60Hz, 16% reactance. 
AC-DC: Z -Δ 500MVA, 172.5/132kV, 
60Hz, 16% reactance. 
DC System profile 12-pulse converters 
using two 6-pulse thyristor bridges, DC current 
(rated) =5.4kA, Smoothing reactor = 0.5H, 
Rectifier firing angle (minimum) =5
0
, Inverter 
Extinction angle (minimum) =14
0
. 
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Figure 7: Single circuit AC power transmission system. 
 
Before the simulation of simultaneous 
AC-DC system the analysis of pure AC system of 
the presented circuit model is initially performed. 
In case of pure AC analysis the system is loaded 
considering the standard loadability margin of long 
transmission line and it is 605 MW for this system 
with a load angle of 440. Simulation is performed 
for the fault analysis considering a 3-phase to 
ground fault at the load terminal and obtained CCT 
is 231ms. The application of series compensation 
in this system shows that the CCT can be raised up 
to 354ms for the capacitive compensation by 
49.9% which is shown in Table 2. The results 
which obtained from the simultaneous AC-DC 
system indicate that the CCT can be improved up 
to 393ms for the DC voltage mix of 49.5%. 
 
Table 2: Comparison of stability in case of system 2. 
Pure AC Simultaneous AC-DC 
% of compensation Tcr (ms) % of Vdc Tcr (ms) 
10 257 10 232 
20 282 20 274 
30 307 30 332 
40 331 40 366 
49.5 354 49.5 393 
 
Fig. 8 clearly shows the overall 
comparison of stability improvement between 
simultaneous AC-DC system and compensated AC 
system. It is seen that the improvement rate in 
compensated AC system is slightly higher than that 
of simultaneous AC-DC system for lower rate of 
compensation and in higher rate of compensation 
the improvement rate in compensated AC system is 
lower than simultaneous AC-DC system. The 
overall improvement is showing the range from 11% 
to 53% and 0.4% to 70% in case of AC system and 
simultaneous AC-DC system respectively. 
 
 
Figure 8: Performance comparison in case of system 2. 
 
System 3: Bangladesh Power System (BPS) 
 
Bangladesh Power System (BPS) has two 
grids; eastern and western. These two grids 
interchange power through two inter connectors 
over the Jamuna river as shown in Fig. 9.
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Figure 9: East-West interconnectors in BPS. 
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The interconnectors between Ghorasal to 
Ishurdi are 175 kms long and between Ashuganj to 
Sirajganj is 144 kms long. In this part of analysis 
Ashuganj to Shirajganj interconnector is considered 
along with Ashuganj power station. The generation 
capacity of this power station is the highest in 
Bangladesh in comparison with the other single 
power stations. It has 11 generating units with total 
combined capacity of 1627MW. The circuit model 
of the equivalent system is shown in Fig.10 and the 
system parameters are presented below. 
 
Unconverted AC line configuration 
 
Transmission line: Ashuganj – Sirajganj, 
Bangladesh Power Syatem. Line voltage =230kV, 
Frequency = 50Hz, Line length =144km, Thermal 
limit=1.5kA, Resistance = 4.988 Ω/phase/ckt, 
Reactance=42.079Ω/phase/ckt. 
Line Conductor Twin AAAC (37/4.176mm), 
Number of circuit: Double. Base power 
=1000MVA. 
Generator parameter 11kV, Reactance=0.3pu, 
Inertia constant H=3.5s.  
Generator Transformer 11/230kV, Leakage 
reactance = 0.1pu. 
 
Simultaneous AC-DC configuration: 
Sending end transformer 
 
230/116kV, Leakage reactance = 0.05pu. 
Receiving end transformer: 116/230kV, Leakage 
reactance = 0.05pu, DC system rated voltage and 
current are 93kV and 4.5kA respectively. 
 
 
Figure 10:  Equivalent circuit model of Ashuganj to shirajganj transmission system. 
 
Pure AC system analysis gives the loadability 
of this system is 870MW at steady state condition. A 
fault analysis is performed considering a 3-phase to 
ground fault at the load terminal and obtained CCT is 
of 142ms. After the application of series compensation 
the CCT increases up to 203ms for the compensation of 
49.5%. On the contrary, simultaneous AC-DC analysis 
gives the CCT up to 233ms which is shown in Table 3. 
In this case simultaneous AC-DC system gives slightly 
better result in comparison with the series 
compensation. According to Fig. 11 the stability 
improvement varies from 9% to 42% and 16% to 64% 
for compensated AC system and simultaneous AC-DC 
system respectively. 
 
Table 3: Comparison of stability in case of system 3. 
Pure AC Simultaneous AC-DC 
% of compensation Tcr (ms) % of Vdc Tcr (ms) 
10 155 10 166 
20 167 20 176 
30 179 30 196 
40 191 40 219 
49.5 203 49.5 233 
 
 
Figure 11: Performance comparison in case of system 3. 
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From the analysis of three different 
systems it is observed that the simultaneous AC-
DC system is superior to series compensated AC 
system in terms of their performance especially in 
stability. It is also observed that the stability 
improvement in compensated AC system does not 
vary widely with the variation of system 
parameters. On the contrary, the stability 
improvement in simultaneous AS-DC system 
strongly depends on the system parameters. The 
overall analysis also shows that the higher the line 
voltage and thermal limit the larger the 
improvement in simultaneous AC-DC system. 
 
CONCLUSION 
 
Higher amount of power flow maintaining 
a great degree of stability is a major challenge for 
power transmission planner. Inserting series 
capacitance in AC transmission line can be a 
solution to improve the stability of transmission 
system but it has inherent problem of sub-
synchronous resonance. Researchers are trying to 
solve the problems of transmitting the increased 
amount of power with stable operating condition 
through a line with the help of simultaneous AC-
DC power flow through an existing AC line. 
Simultaneous AC-DC system and series 
compensated AC system both can improve the 
stability of existing AC transmission system. The 
comparative analysis between these two 
approaches clearly shows that the simultaneous 
AC-DC system is better than series compensated 
AC system in terms of stability. Stability 
improvement in simultaneous AC-DC system 
depends on the system parameters with a great 
extent. It is observed that the higher the line 
voltage and thermal limit the larger the stability 
improvement in simultaneous AC-DC system. 
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